The thermal conductivity of the composite materials based on the zinc oxide powders with different average particle sizes (micrometer, submicrometer and nanometer) dispersed in the polymethylsiloxane (silicone oil) was measured using the radial heat flow method. The thermal conductivity of the composite material based on the commercial ZnO micropowder with an average particle size of 50 m was found to be 0.8 W/(m•K). The thermal conductivity of the composite material on the basis of ZnO nanopowder with an average particle size of approximately 3 nm synthesized using the wet chemistry methods was found to be 2.5 W/(m•K). The discovered enhancement of the above mentioned parameter is considered as manifestation of the quantum size effects in heat transfer.
INTRODUCTION
Due to continuous improvement and development of nanotechnology the size of electronic integrated circuits is rapidly approaching the maximally allowable by the quantum size effects limits of 10 nm. It is expected, that they will be achieved by 2018 [1] . The integrated circuits of such a small size have to be effectively cooled to prevent their thermal breakdown.
For a long time the ZnO micropowders are successfully and widely used as one of the main components at manufacturing of various low-cost, commercial thermal greases. The value of the thermal conductivity coefficient of these greases is in the range from 0.6 to 1.5 W/(m•K). At the same time, the number of publications concerning the thermal conductivity of the nanostructured materials based on ZnO is limited [2, 3] . The majority of these works are devoted to investigations of the single crystals [4, 5] , ceramics [2] or thin films [6, 7] . This work presents the data concerning dependence of the thermal conductivity of composite materials based on zinc oxide and polymer polymethylsiloxane (silicone oil) on the average ZnO particle size in order to detect manifestation of quantum size effects in heat transfer.
EXPERIMENTAL
The composite materials were produced by dispersing of ZnO micropowder with an average particle size of 50 m (99.7 %, UKRZINC, Kyiv, Ukraine), or submicropowder ZnO (99.9 %, Sigma-Aldrich, Steinheim, Germany) with particle size less than 1 μm or specially created ZnO nanopowder with an average particle size of about 3 nm in the polymethylsiloxane PMS 1000 (silicone oil, SOFEX, Moscow, Russia). The silicone oil and the fillers -ZnO powders were taken in a volume ratio of 3 : 7.
ZnO nanopowder was synthesized by the "wet chemistry" methods in an aqueous solution of 0.016 mol of zinc acetate dihydrate (98 %, Zn(CH3COO)2•2H2O, Sigma-Aldrich, Steinheim, Germany) and 0.095 mol of aqueous ammonia (99.9 %, NH4OH, Sigma-Aldrich, Steinheim, Germany) at the temperature 95 C [8] . The growing was carried out for 10 minutes. Then the solution was dried in air.
The formation of the zinc oxide nanostructures may be described by the following reactions [9] : 
Determination of the thermal conductivity of the composites was carried out by radial heat flow method [10] . For this purpose the measuring cell with a thickwalled copper cylinder, whose ends were closed by the insulating lids, was created. Along the axis of the cylinder fully filled with a composite, there was placed a heater creating a temperature gradient in the radial direction. In order to limit the temperature field perturbation by the values of 3-5 %, the ratio of the cylindrical composite layer length l to its diameter d was selected to be equal approximately l/d ≈ 4 [10] . The temperature gradient was measured by the two thermocouples located along the radius (Fig. 1) .
The coefficient of thermal conductivity α (W/(m•K)) was calculated on the basis of the following relation:
where K -is the factor of the axial heat loss through the plugs of the measuring cell (depends on the plug material and is calculated by reference to a sample with known thermal conductivity); r1 and r2 -the inner and outer radii of the cylindrical composite layer; T1 and T2 -the temperatures of the internal and external surfaces of the composite layers; l -the length of the cylindrical composite layer; U -the voltage on the heater; I -the current in a heater. The optical absorption spectra were measured at room temperature using Specord M-40 computerized spectrophotometer (Germany).
RESULTS AND DISCUSSION
The absorption spectrum of the nanocomposite thin layer at room temperature is depicted in Fig. 2 . In the second spectrum can clearly observe the ZnO exciton absorption band with a maximum at p  358 nm. 
The average radius of ZnO nanoparticles was found to be equal approximately 3 nm. The values of the thermal conductivity of the composite materials based on zinc oxide powders with a grain size of 50 m, less than 1 m and about 3 nm, calculated according to the equation (3), were found to be equal to 0.8 W/(m•K), 1.1 W/(m•K) and 2.5 W/(m•K) respectively. The relative measurement error did not exceed 10 %.
The thermal conductivity of the polymethylsiloxane is known to be equal α  0.15 W/(m•K) at room temperature [12] . Besides, it is known [4, 5, 13] , that the coefficient of thermal conductivity of ZnO single crystals is in the range from 100 W/(m•K) up to 120 W/(m•K) and depends on the manufacturing technology and processing samples. The heat transfer in the semiconductors is described by [14] :
where αph -is the phonon thermal conductivity (heat transfer caused by thermal vibrations of atoms in the crystalline lattice); αe -the electron/hole conductivity (heat transfer caused by free charge carriers); αbp -the bipolar conductivity due to the motion of the electron-hole pairs in the intrinsic conductivity; αphot -the photon thermal conductivity due to the heat transfer by electromagnetic radiation; αex -the exciton conductivity caused by the exciton motion.
The phonon thermal conductivity is described by the equation:
where C -is the heat capacity, Cv -the specific heat capacity at a constant volume, ρ -the material density, ν -the average speed of phonons, l -the average phonon mean free path. The temperature dependence of the phonon thermal conductivity manifests a maximum at the temperature close to 0.1TD, where TD -is a Debye temperature (370 K for ZnO [15] ).
The thermal conductivity is connected with the electronic conductivity σ by the Wiedemann-Franz law:
where T -is a temperature, L -the Lorentz number, which for a non-degenerate semiconductors is determined from the equation:
where s -is the scattering parameter; k -the Boltzmann constant; e -the electron charge. The bipolar thermal conductivity arises due to the proper electrical conductivity of the semiconductor materials. The number of electrons and holes on the hot end of the semiconductor is larger than those on the cold end, and this causes diffusion of the electron-hole pairs from the hot end to the cold one. On the hot end the energy, necessary to form such a pair, is absorbed, whereas on the cold one -the energy is released due to the recombination of electron-hole pairs. This energy consists not only from the kinetic energy of the electrons and holes, but also from the energy which is required to move an electron from the valence band into the conduction band. The latter is equal to the band gap energy Eg. For the semiconductors usually Eg  kT. Therefore, the energy carried by the electronhole pair is much higher than those carried by each of the carriers in the case of the impurity conductivity. In the case of a proper electrical conductivity there arises an additional heat flux (i.e. additional thermal conductivity αbp) due to the bipolar diffusion. It is clear that the bipolar thermal conductivity depends on the concentration of the electron-hole pairs and the band gap.
For the bipolar thermal conductivity one can use the same relation as for the case of the electronic thermal conductivity:
where Lbp -is the analogue of the Lorentz number, but for a bipolar thermal conductivity. The photon thermal conductivity is relevant for the semiconductors with a low enough absorption coefficient in the region of thermal radiation. In this case the photons are characterized by a large mean free path, and it is necessary to take into account the contribution of the heat transfer due to the electromagnetic radiation.
The photon thermal conductivity αphot can be estimated using the Genzel's relation [16] : (10) where n -is the refractive index, 0 -StefanBoltzmann constant, k -the absorption coefficient.
The exciton thermal conductivity is caused by diffusion of excitons due to the temperature gradient. It becomes important when the conditions of excitons generation are realized in a semiconductor.
The exciton binding energy Eex for the quantum dots with a size a little larger than the exciton Bohr radius is described by the equation [17] :
where 3D ex R -is the exciton binding energy in the bulk sample; me -effective electron mass; mh -effective hole mass; a -the size of the quantum dot; aB -the exciton Bohr radius. It is also necessary to draw attention to some specific features of heat transfer in the nanostructures such as ballistic conductivity and reducing of the thermal contact resistance [18] .
In the case when the mean free path of carriers or quasiparticles is larger than the typical sample size the ballistic thermal conductivity is realized and heat is transferred without collisions. The thermal resistance of a sample in this case is equal to zero.
It is also necessary to consider the contact thermal resistance or Kapitza resistance -namely the thermal resistance at the boundaries of the two bodies contact. The I. M. Khalatnikov proposed the theoretical work allowing evaluation of the thermal contact resistance. In his model the surface of the contact interface is considered as a flat infinitely thin boundary between the two materials. Depending on the properties of these materials there occurs refraction or reflection of phonons on the both sides of the boundary. The difference between the phonon energy flows from the material with a higher temperature to the material with a lower temperature and back determines the relation between the flow and the temperature jump on the interface:
where q -is the heat flow through the interface; ΔT -temperature difference at the interface; hK -Kapitza resistance.
In spite of the widely spread application of these ideas, Khalatnikov model is highly idealized and implies a quite large error. The model does not consider the surface roughness, possibility of mutual diffusion of the two materials, quantum size effects, energy release directly on the interface at phonons scattering and so on. Nevertheless, the equation (12) in many cases is acceptable. Under such circumstances the experimental studies of Kapitza resistance changes depending on the type of material, temperature, manufacturing technology of the contacts and other conditions are of great importance.
Recently, many researches are devoted to minimization of Kapitza resistance -creating of the highly heat-conducting layers at the borders between the two substances using special thermal interface materials. Using the nanoparticles as the components of such layers it is possible to provide extremely full contact between the adjacent rough surfaces. By such a way one can obtain the maximum contact area, contrary to the case of the microparticles contact with a rough surface.
In our case, increasing of the thermal conductivity of the thermal compound based on the ZnO nanopowder instead of ZnO micropowder may be considered as manifestation of the quantum size effect. Since the particle sizes in the nanopowder (~ 3 nm) is commensurate with the exciton Bohr radius (~ 2 nm) [19] , that is significantly lower than the mean free path of phonons (~ 30 nm) [20] and the de Broglie wavelength in ZnO (14 nm) [21] , it is convenient to consider the ballistic mechanism of the heat conductivity. The free excitons in zinc oxide are stable even at room temperature due to their large binding energy (60 meV) [22] . Therefore, in the nanocomposite material on the basis of ZnO the exciton component of thermal conductivity could also be significant.
CONCLUSION
The coefficients of thermal conductivity of the composite materials based on the zinc oxide powders with a different grain size -50 m, less than 1 μm and about 3 nm were determined by radial heat flow method. They were found to be equal to 0.8 W/(m•K), 1.1 W/(m•K) and 2.5 W/(m•K) respectively. The observed clear increase of the thermal conductivity of the thermal compound based on ZnO nanopowder instead of ZnO micropowder is explained by the ballistic conductivity, increasing of the exciton thermal conductivity and reduction of the contact thermal resistance.
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